The laboratory and clinical study of the response to irradiation of human malignant melanoma has been the interesting subjects). Thus human melanoma is generally considered clinically radioresistant tumor',"). However, in vitro cell survival curve for human melanoma do not differ from those of various human tumor cell line, with the exception of somewhat larger shoulder, and do not explain the clinical radioresistance of some tumors") . It is important to note that whether clinical radioresistance of melanoma is caused by cell itself or its tumor constitution.
Therefore, we investigated the radiosensitivity of human melanoma cell spheroids.
HMV-I human malignant melanoma cell line was established by Kasuga, et al' °). It has been used to study radiosensitivity quantitatively in vitro 9, "). HMV-I cells are somewhat radioresistant in vitro, which is caused by larger shoulder in cell survival curve than that of other human tumor cell lines' 2>.
In this report, we describe the development of HMV-I spheroid system and compare the proliferation kinetics with those of monolayer system. In addition, the radiosensitivity of spheroid cells is compared with that of the cells of mono layer culture.
MATERIALS AND METHODS
1. Cell culture HMV-I human malignant melanoma cells were maintained in continuous exponential growth in plastic culture flasks (Corning, 25100). They were grown in Eagle's minimum essential medium (MEM) supplemented with non-essential amino acids, glutamine, kanamycin, and fetal calf serum (5% V /V ). Exponential monolayer cultures were prepared by seeding 105 cells into 25-sq cm 48 or 72 hours prior to the experiments. HMV-I spheroids were grown according to the spinner culture method'). Single cell suspensions were prepared from exponen tially growing stock cultures, and cells were counted in a hemocytometer and the cell suspensions were diluted to appropriate concentrations in culture medium. Cells were put in a 100 ml spinner flask (Bellco Glass) containing 75 ml of fresh medium with stirring at 190 rpm in a CO2 incubator. The medium was changed on the 4th culture day and every 2-3 days thereafter. Spheroids of 400-500 pm in diameters were usually obtained after 15-17 days of growth.
Irradiation
Spheroids to be irradiated were removed from spinner flasks and resuspended in culture flasks. Flasks containing spheroids or monolayer cells were flushed with air plus 5% CO2 and irradiated at 37°C in waterbath. Irradiations were performed with a X-ray machine that operated at 180 kV, 20 mA, and with filtration of 0.5 mm Cu + 0.5 mm Al. Based on measurements with a Radocon R-meter, the dose rate at the location of the cells was calculated to be 1.1 Gy/ min.
Survival assay
Cell survival was assayed by colony forming ability"). Cells in monolayer cultures and spheroids were isolated by trypsinization (0.1% trypsin + 0.01% EDTA) at 37°C immediately after irradiation. The cell suspensions were pipetted 5-10 times to dissociate cell clumps, counted, diluted, and seeded into 60-mm plastic petri dishes (Falcon, 3002) containing 5 ml of fresh medium. After incuba tion at 37°C in 5% CO2 in air for 11-12 days, colonies were fixed in formalin and stained with 0.1% crystal violet prior to colony counting. The surviving fraction was determined by the ability of a single cell to form a colony of at least 50 cells. Plating efficiency of the untreated control culture was 80-100% and 60-90% for monolayer culture and spheroid, respectively.
Fractionated trypsinization of spheroids
To separate fractions of cells from various regions in spheroid, the fraction ated trypsinization method, which was first demonstrated in V-79 spheroids by Luck-Huhle and Dertinger14), was used. HMV-I spheroids were dissociated into 3 fractions of cells from the outer to the inner. These fractions of single cells obtained from spheroids were assayed for clonogenicity and cell cycle analysis.
Flow cytometry
For DNA measurements, the cell suspensions were obtained from various regions in the spheroids with diameters of 400-500 µm. Cells were fixed in 70% ethanol and hydrolyzed with Ba(OH)2 for 60 min before the cells were stained with Propidium Iodide (0.05 mg/ml 1.12% sodium citrate")).
These specimens were analysed for DNA contents with the use of a flow cytometry (Ortho Diag nostic Systems Inc. Cytofluorograf
System 50 H). The percentage of cells in the individual phase of cell cycle was ascertained from the fluorescence data using a computer program16).
Spheroid histology
Spheroids to be observed histologically were fixed and embedded in paraffin, sectioned at 4-µ m and stained with hematoxylin-eosin.
RESULTS

Growth kinetics and histology
The diameters of HMV-I spheroids increased linearly with time for first 9 days and their subsequent growth rate gradually decreased (Fig. 1) . The volume doubling time of spheroids during the exponential growth phase was about 24 hours. It is similar to the doubling time of cell number from exponentially grow ing monolayer culture in the same medium. Fig. 2 shows the DNA histograms obtained from the exponentially growing monolayer cells and the outer, intermediate, and inner cells in HMV-I spheroids.
Cell fraction isolated from the inner region contained cellular debris, which released from the necrotic center. The debris was clearly separate from G, peak in DNA histogram. Evidently, each fraction isolated from 400-500 pm spheroids contained a smaller percentage of S-phase cells than the monolayer culture. However, the percentages of cells in each cell cycle phase for each fraction in spheroids did not differ appreciably.
Surface morphology of spheroids fixed with 10% formalin photomicroscopi cally revealed quite a smooth and spherical shape (Fig. 3a) . Size of spheroids were measured an average 450 pm. Histological examination of cross-sectioned spheroid revealed an outer rim composed of viable cells compactly and inner part which are of cells with irregular shaped and picnotic nuclei and which some times showed necrotic cytolytic changes (Fig. 3b) . The mean thickness of the viable rim was approximately 150 p m. tion was described by a Do of 1.2 Gy, Dq of 2 .45 Gy, and n of 7.6. On the other hand, the survival curve for spheroids consisted of two separate compo nents. The first part of the curve agreed well with the curve of monolayer cells up to a dose of 5 Gy. The second component had a shallower slope which was described by a Do of 3.5 Gy. Fig. 5 shows the clonogenic capacity of cells from outer , intermediate and inner spheroids after 8 Gy irradiation. Cells were isolated with the fraction ated trypsinization procedure. These three cell fractions obtained for the clo nogenicity correspond to those isolated for DNA content analysis by flow cyto metry. Cells obtained from different regions within spheroids were heterogenous in radiosensitivity.
The clonogenicity increased for cells from inner region of spheroids to a high surviving fraction of 20%.
Another point of interest about radiation sensitivity of spheroid-derived cells is radioresistance due to the intercellular contact , which was reported in V-79 small spheroids"). Fig. 6 shows cell survival curves of small spheroids with diameters of about 56 µm and monolayer. No significant difference in radio sensitivity was found between monolayer cells and small spheroids-derived cells .
DISCUSSION
In recent years, the usefulness of spheroid as experimental system for cancer research has been proved and much works on radiobiological response of cells in spheroids have been conducted'). However, there were only limited reports of human tumor cells which could be grown as spheroids"). Of special interest are the characterization of cytokinetics and cellular radiosensitivity in spheroids of human tumor cells.
We cultured HMV-I cells derived from human malignant melanoma, which is known as radioresistant tumor, as multicellular spheroids and investigated the proliferation kinetics and radiosensitivity. Cross sections of HMV-I spheroids are similar to those of other cell lines'). The thickness of the viable rim of cells is approximately 150 µm. This finding is in agreement with that described for V-79 spheroids', 19).
The diameters of spheroids increase linearly with time up to 9 days and then growth rate decreases gradually (Fig. 1) . This growth curve of HMV-I spher oids differs from that found in V-79 spheroids'). The growth rate of the latter was initially exponential and later retarded exponentially. Flow cytometric analysis, as shown in Fig. 2 , indicates that the percentages of S phase cells de creases in the outermost, intermediate, and inner cells in HMV-I spheroids with diameters of about 400 µm as compared with exponentially growing monolayer cells. However, there is no change in the percentages of individual phases (G1, S, and G2M) of cells originating from these three fractions of spheroids, suggest ing that the inner cells from viable rims of HMV-I spheroids do not arrest in the G1 phase. This suggestion is supported by the fact that the considerable amount of dividing cells are found in the inner region adjacent to central necrotic area, and that the inner cells of Fig. 2 are derived from the same region in HMV-I spheroids. In contrast, proliferative kinetic analysis of V-79 spheroids, which have so far been investigated, indicates that inner region cells in spheroids were in a less active state in proliferation".
The difference in cytokinetics between HMV-I spheroids and V-79 spheroids may be related to the difference in growth curve. HMV-I spheroids with the mean diameter of 420 gm have complex radiation survival curve (Fig. 4) . Up to 5 Gy there is no appreciable difference in survival between spheroids and monolayer culture. However, radioresistant component appears in the dose region above 5 Gy with its Do of 3.5 Gy, which is nearly three times greater than that of monolayer cells. This value is essentially in agreement with that of oxygen enhancement ratio (OER) for low LET radiation. In addition, it is shown in Fig. 5 that the radioresistant cells are located in the inner region in spheroids. These findings strongly suggest that radioresistance in HMV-I spheroids is due to the existence of hypoxic cells. However, Pourreau 
